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1.0 EXECUTIVE SUMMARY 

1.1 Program Goal 

For half a century, CdZnTelCdTe has been investigated for producing radiation detectors. 
Albeit some success. detector performance and production yield issues remain. Most 
importantly, the basic science about the factors limiting the detector property and production 
yield was' not understood. The goal of this program was to experimentally and theoretically 
understand these limiting factors. In addition, techniques will be developed to remove these 
factors. 

1.2 Results - Science 

In this program, 160 cn crystals have been grown to achieve the program 'goal. It is 
discovered that Cd vacancies and Te antisites (Te at Cd sites) are the two major defects that limit 
the performance of the CZT/CdTc detectors. The Uitroducnon ofZn into the crystals is one way 
to reduce thc density ofTe antisites. . 

1.3 Results - Detectors 

A process to reduce Cd vacancies has been developed for the growth of CZT crystals. Zn 
has been introduced into the crystals to reduce the densities of Te antisites. Using these 
approaches, CZT with Zn contents of 0%, 4%, 10%, 15%, and 200,4 have been produced and 
detectors have been fabricated. The best detectors are produced in CZT grown with 100/0 Zn and 
1.5%'excess Te. The resolution of 57 eo 122keV peak is less than 5% at room temperature. 

1.4 . Future R&D Direction 

New approaches to drastically reduce the density of Te anti sites are desired for further 
improving the quality ofCZT/CdTe detectors. 

1.5 Introduction of this Report 

In this report, we put together six papers. These papers were published in five journals, 
reported in eleven presentations, and printed in four conference proceedings. 
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2.0 TELLURIUM ANTISITES IN CdZnTe 

1. M. Ch~ S. Terterian, D. Ting, R.B. James, J.C. Erickson, R W. Yao, T.T. Lam. M. Szawlowski, 
and R. Sczeboitz, "Tellurium Antisites in CdZnTe," SPIE Proceedings (lnvited Paper), 4507, 
San Diego, 200 1. 

2. M. Chu, S. Terterian, D. Ting, R.B. James, J.C. Erickson, RW. Yao, T.T. Lam, M. Szawlowski, 
and R. Sczeboitz, "Defect Engineering for Producing High Perfonnance CdZnTe Radiation 
Detectors," IEEE NSSIMIC Conference (lnvited Paper), San Diego, 2001. 

3. M. Ch~ S. T~ D. Ting, S. Mesropian, R.H. Gurgenian, and C.C. Wang. "Tellurium 
Antisites in CdZnTe," Appl. Phys. Lett. 79, 2728 (2001). 
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d:.n, '"1"1;1''' "l'I.,I/ 'l".!.~. " .............. " A. P t -I· $>r··.,=(JI~I. 
:i ... ",.un·J M thw.,('d.~c,,:tr.:-•• i:.S,. ....... Tr, jr.) r'l!_ , Tl:i. 
.·I. ••• '·_alu ... j" "':IJ.l~t'.:"., 'N!.1l'I U'" filtl d~;lt' :'-.,.". 1:: 
.,. •• tl."l',-,tt.·" df •• o:,ini' ·I!~, ... II '_I" .Iljl,,,,un~ r.~I:I~::l~.·,i 
II. (;:I:I·· ... .!:f1' ;:r.,y,'n • ... i1b .. ,l1 I~XfO!!I~ Tot. Th.· -lpJ*",I<.~. 
rl":m f"t}"~I'1 !I-Wl, ",,·I.i,~\ ,"'-:';Y:''';l1 Wit!!!. j'3 tx;'':'"'' 
·r .... hli\'!: hl'~ 1·.!r!·'lm:II;":", '.r<1 mil 1"1'-::;.1 ... " tb.: 
..... <: .. 1~.I1.;·\· 1'11Id '· .... \m :I!/.~ 1t.!!V Ilcnk-. ", .. I:o'!-'I 
.:'!;'t\'\:H .. ··t'-'jI.""~I; t1 ..... • I i~ ... ,·.1 li, Tbhh' lU ,,~fnbri· 
(nt;:d {ann Cz:r 936-1, 1I1.TY~~1 W" ...... , wltf. t ,-;'c ,,)C. 
('J'''''' 'fu ·r .. ~ n'AII, :lIl!l (.'.;: .• !o<t«trn 111"'''1\'..,0;1 I:>y 
thi.'~ f;ISft""i~~ 'ft'..: ,;'lItI"'U lil ~·i:'lo. :! ... ",,1 -3. t"~~Pi-: 
1i';"ly, ttl o'ldditior.. QI tl-,... !.T(~t) J22-} •• ,\·. ' .. ('~.1":t1.I..,,\'. 
",',~I .... '\nt. (6 T,,);,,\l' Imn":':, tM. :h,I-: ... I-:.r" C!.II ,.1<$(' 
f"\..~~\,.~ cfoK. Ni~ ~.I.:\m ]:rw. .. m.!"'~· Xi.-I .. ft -R, c;d,. 
1·~I:::,r.e, IltId Tt' t'l'<!l'II:r. J:1!'Iib. JI~':\.;;I •••. Ib .. f,,~I."';"'j, 
III lo:tl~'''':''IIIUI:II II'\\,11.lr.1/ "(I~'''':l (oj' tto:' ·-:C~. 
l!!:? 1:4-',' """If ;.::\1'11\ ~.S-~\,\' I".""'~ Iv., .. : ';"': Inw 
·.·";Uf .... ("·K.:l kiN alld 41."1' kl'\~ t'~p:/l·,·j~.·I:,: 

Wh-on II"~"" IIm:l 1.~ ~.~,.,.~ .. '1'11 u. 1I~l(,o;l':.;-I·:f ialo 
II::.' ('7," ;ru"",.,it tn!!'lt. ;fl:v.' ""v'nun-";;'[' ,··11 t~.· !ill:­
.... '" :'.':."~ I·, c:. 11 .. · .:. U\\~II ~."' .. 'r:I): 1,u~ !O:- J:~"";srt:)ttmr 
,.r tho,\' dl'lo!'\"lror" l,\·.::io. ',,, :1"1:",,'1,· ~ .. ~!It .... m ift 
't.M, in. :'hll wr-:rcu .;of lloe .. 'l::!.:In~ioll i:: 1'1'Ilp' .... 1un'" 
ttt tal' 1'I1I1!".'~l r.!' II;" Il~t~··~ ·t·" ~I~d ,fl!!' ~ cr.r 
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o l!'ICt:SSJQN 
Tbl:!Dfttil:'ull'lode-1 

Ffr>m thC! pfl)Ccodil"Y.I ... tl'\lI..1.11 vf '.'l!I..'!~;' 't@ (In tbO! 
IW{lt;m:i(~~ (,If r.d:;'I(Znn mT(· mdil'di"D :I~·tl.'ctC)t!<. It 
".imvJ ... ':('llllffmltuhll~i'''(l t:tOo."lN'tki!.1 mlld!!L. '!J"~D!: 
(lnls ;111.";''''.,:.. ,·of (:d \'I'i':tr.r'i,·t' an'll T~ 'nl;ti"it~ .. ill de. 
...... ~tlp!!d !",: t31t' lC'ld"~·';'.;'I.:.,I,t'l! .Ii tIM< .... :r .. u·i:nrn-'tnl 
1'(o$f,.l.llll, 1~ (U;'IJltTU\. ... lhilt- IIII'(MI, till' j., .. 11l:1"J ('.,., ..... '11. 
U'l1:ilm in Thhlc> III 1lJ fi~t IJruv"s , • .t-'ie, 6 ~~" ;;. l'i,,\~ .. 
li .... ~ (If 1 hI'> Nt..,.:." ·TI'!. Thill CU:"I"II LV thom ":In"id!!'fl!d tl} 
llt>?o tht 1'!U'II'PnI rntihfl {·ur,." :i/" ll'n-:lmJHI:n!!;~1 i!lJ·t~ VI!.' 

C1I:wn.~:" .J·I\~:rt'fIN' ..... \'r.'J "nit 'n\;,t:1 bill:.,:!:: ..... th4! btu!. 
r>;·':';:<li.vtlv IIf I::>;cl: ('1.7 ,'1', -1/11 iii !lc:bi" ..... ~ h, ,.;.:u. 
p'':I'-"ati~ the! :'t!!:Iw",') \1<:-1.' !.~ "",11 •• 1'. F'~I"YI the) lun­
i'l..:·d ':01':..3. il pn:-d:~ Cl:rvl! vl"J~ .. PHI r .. n~i,,;t. ~t' f!X' 
~. T""·,'l.nnllt. tm Q:luiM1l. nll\'\.'(.t\"t! r..ll is p~I!~ f.C. 
.tmw :'lo "",o·,icjl.l."lfttStl1tivr. r.T.n·" tJllbu 'lh:a I.IMribu­
lj1tl~ ~'i""'. rh.1' T.· ... 1 cllnec.:'It.flttiC!D of' 1 Yo 1.)l'; <:n' 1. 

~11!"'o~---~----:,.~--"""'~-· 

~T$.'iC. 

~;!. tl·r.!.t.tlflUu\llllJ.'I(I':~~«<"'fe~ .:te-.t,'! .:~~"t!" 
l:"o!!l'.I:~"" '''''' ~~'I',,,,.,,.,-m ill t;tzr.; •• 

12 

np?r:'l:dm~l.-d II::' Fioonlot: li!t III.:' I:: .:l!l>f.i;;r.lll! to C'I.T 
!l(;ji~. t*".,m ..... tli.'h w'llNlt IlMllntnr:: 1ftI'\! fn.btk .. "Itt!'d. 
~ ••• ~n·ld. It b/'i i'I!1rir.l.l8 ,h.'\,' ':'hf. 1'r.>l!I."r'll':rnr; lin .;rr ~~ 
]~~ .. h;:T1!:~~!' :ll(.II';f.lltm.k-"lIy '11.",11 lbe .trll')'~I)' .• )1' 

1:SC"o!'S'.;S.'J\: in t~e C:cr1;nrw~!l m':1ll6. '111 .. ·r.. tht!- !r.!.·c 
IlCInl).~ntl'lItir.>1I 1l1l1"\'1: 4::; :\1n1:ti,l1n ofilm ,;!xcl!!'!:ll~. a 
1JR1'\",' • ... :irh " Jlt)t.iWM atl'i~, MD bI! trnwn HI !i'ij; . .er 
1'h'f.' \Qdet"l'mi~ '\,"i)rifINl!' i, 1he- 1I1"r.j!~ '\,.r. ... w. 
vI thfI!' "'It!~. l:6t.!tiill"ltI"llI·, '1'111' «~d-\'r\I"'Ol~ ':I··MI? ~71~­
~n mr,...,.l"l !ri..-r.ply th~ r.u..m I)l'lhl1 ... lhl:: ~Wt:. l' ... m~ 
tiIc) irl!nrmltmm in 'in. it !ha i"lllclll:'-·'P~r.a:lnlih:.'!· 
dam 1\:6 1.1 ibrll'rf{lI) Qr IIIK>. .:li'.<:,-r.,: 'n. (,,111. fi'!:ll'i!)' be, 
!!Xp't\hl~t. 
t.':ondue 1m... 'I")-pc I nh.,m.,~ft>U It,.-

Th.· 1":(" ... l'pc':rtrt.ll1l m<! 3!1UI"'M b,.· ·;I~tt!ctll::-;o. l'rt~ll~ 
e7.T ~~., itO :ot .. ~wr, in llig. I. NI,lI(' &i1h~' ('~nl':1l:h'!' 
s;IIC fro C'<Q 1 ... ·lt.!Y. (;; .. 'iu:;l'rw::-d. T ftNhllUI. th,.!r, is..l bm:.d 
,'/!I\k with t!t1 .... I1l.,. '·I(. •• :h '~""''''''J' tlJ.811 r'll'o 122 ko':)\; Th'i" 
!1!!ll.d t L.o: t'xt'ln:nm! b,lo' IL 1:1I:dl!l ·ur' "I·r.W"t'''~.,! IH~'I)l) 
dr.:II:1in!l in nn n.t=-·F"~ :nntrix ur "'jell \'l..r.I .... Y,ll:l'il ill 
('nl!~11 hy 1'tv: l:'Ic;': .,f "'ll1htim~ ,!u"f,·lm·d Til :mti· 
IIttel> ,''' Co \" .... " Il~~t·'" ~ll('h (I\.ndll':l~:.n·trJ:~ i:!!ton:I>O 
gel~eU,~ (.';i;'~M!'. l)lt'''=:I\'>f'' '~IW':l""',n IHI.;I ~, .. tmrf'tinf.. 
·rhi!. m....dl!~ ill !PlnUSI" I>..t III~ ::r't: tI"",'v.)II:;t('d flw 
ti~CiT(!u UlId jlf -:JIJblisblld 1f!:!'..!'1\ )'~'n:. t:: 

0pc:I .... ,,1 Cd7..nTh DrtH! .... 

'OIi' ..... \" .. ,,~ .... t d. :$,,'1 kilt ~fil!lllu. flt 1I,.-:.. .. ~"'r4 r,...."' 
C'i'r n!!"·t ~lfff'..;t·jcl thllt ~I~I" 1'1'$':'0.,,1 Itm= .... .mr.;pnr 
~Jl'!!·'1."1 .. lL.'"lMh·~ l4J Pili l~u:- fo\'rH\j Jt",,·(·1 ..... II~ .. 
middle: lif t&c 1:;e-nlt:;:.p ;llId !l1'll< It 1':I!llhr.1t I UIIIIJU III IN 
(,l!.ml'l' U·IIPll. Tner..:'fl)r,!. tbe dated I::!' c;,n I"(,,.:.I"'I! 
~ 1llw ..... ll-:-rro.· lII .. \Q! :twll!:: II'IId ~lxhit.it , ........ I/\\'Ii:d 
of lilt, r " .... ~I'~I; II' p«:'1,:;", •• f r.~(',. ;;-"": ",,: .\q.. 7tH",,, n~. 
Im)t:,! ir:<III'~ll" rhlll 14. IIICft.fl,\"I'II~" ,..,f:i,-i.,r.f 1\ir rrn,j • 
ositl!!S:n r;4I.:l'lbr rtlw:hin\:, If :II!!." ".~iHI'·U" •• !S't'~j:. -J" 
:ia lbie ilr.t')~I1I.t <. ... 1.5"1' ('1" 2t\ \(:.. t''''II:ll !R'Th.:>XI "0:0.',111 
to he intflldul:m~ tRW tbe ~~I l::tett li~r lhe! ct"r 
~wtb. T'" pl'l.\lIn~1l' Il\',:n ~.1t":'\"lr dr.t('Ctr.ffl:, iu!:\!niJlu!I 
"'t,,"'l.-.;L: III 1it'!1hll" I~ntrul "Iof! l"If);"(,I~Il";dl;'~I:S I){ 

d,./l)t>-\:· .... d ~1(.t~_,;JjlMll'I1T'H.'~ ,"mIl l'll.ITk,r 1.,t.\fJj; nl','d 
!(I be .,I~'\·!·Io •• t:,~:J. 

'nt.- '~m ... un' (II' c.m~:;~ l'\' Ibr r.h", trIO. · ... ·It. llf' i'J':I' 
g~~ i$ ..... • .. "·' ... !n th:l:<I! Ihr Cl'1' 9~1 :Iml C:C'r ~1:iII'.f. 
Thl!' fnC't lh:-.l fh.· d'l:ll!cl.:m rTllm tid, <T"."~llt (;>.r. r ..... 
~;I·.·.· till' ~"r..c. lla.k",V 'Plltl.k ht r.ot (!ttl' 1:I~·k"V 
jl.:!'.rlk illdi~11l th:.t t.hl~ p'"fl}rrnlltnr.r: pr l!wllll dl!«'. .... 
f.:lr;': at'>: u.1~1J> t; ... fw.,..,. t)l('·~ fJI f'Z1' {I!~~ -1'11'11'1 ("loT 
~i3ij..C. Thill<!! pfo.L't1!lml.'!lllll."a.l1 bl! 1l~'~'IIl.i:",(.otd bj' ,~ ~.'4"I' 
«-Jll: 'that 'fo.l! :;I;!!!:rtl)- iIIsu:1ick-r..t t'tlI'A'r.lr:ltp·:, I:>J 
l~,,' 11frl'p.I.··",·, 'r(\' ::.nt~lOita:l' in th!n Q"/',cl;:ll. Ilh:.','IT. ia 
.... ~.P.'. G • .;r.iQ IIm'l.·:I"::: i) I!tl:rtillill 1I:mt.HJnt or :\"Ililb,rli= 
t.";ll!- tG'lhOO~'I!t'~t"1y i,. t~ rl'.II,;t*'. 

f.l1)1~ li'apph,. by \' Cd amI H'~fli'l» 
Trapping by 'l"er., 

.'igl~"'~: .. ,toe j) .... 1', •• fYo~III·,'tv.'<~l)~ 'hll '101l • ..:tTa. ..r 
rll!"Il~ ;1Ii(f 1'i~1--:.; l'Il'·II,:;!.II('rI hy ,It"t'«":tal'll fTlim f:'Z'r 
~2::~. ,,.,.. !t~.~"" ,j:'!!!ll.~lat.t{l" (If 1M 122'.lc.~V p:u.k 
hi the d~· :1:.3\ ihe jov.'tiM l'Uj'.II.)1 let 1~1l':1'"lf;;1 



iJ,jli.,,,~"":l ~1!-ch.·ll;J!:r.l·,"'·hlll(':;'lIti. ~:r-::lbl}\ .!It'!<'a'{," 
rytlf!l1h:a. C~l'Irf.r'll:-i:'l!!" ~!I""'I: ~.::"~1S \\'i~h tru-- >::!;lrvr": * ........ 1 til ~.j,~ (:. ::10' ....... I!.'" tr':'P?ing k r.1lUr.;-:1 ~. iI 
hi~h oi~r,.il J Ill' {~d ''acam:ice. .:I.l'la t:S1! j·\c .... ·u·{.n ~Ta;t· 
pi::1!l' I:'" 1'-.: ;U:ti:<itt'!!. 'fbI! o:'ft'lort::! {of ihl! !1l~1.'~'e1er:t-'1ll 
t~I~'I:~r,J: to, tlJ.e. I'}-I!nt~t:'~\' ~1 ... l'II e""""~1 IA~-Itn:' 
ttm\ lll't· to"'\\· H1.1.;.f rtll'!'~t! ...... ·,k- I,W it .... ,'idl'lI.:..d Co'" 111ft 
If':':.;·,. lh:!lt. HM il'.d:,xidulll p;"ak I' .. :UW.:,( .. ~ d!:'I.~in. 
1f.1j:<~I·r.'I tT.),," th"o:.rhN ... hm 11y.· ~'111ra11 e'lI\'(·JI:pt.::.'!.1I 

"li~ll-o:, (,lli'.~r-.... -,d, 'J'bG. h~::b!!r dl:~'l'l.'t' I)r <11.'.::rn':;:ltZ:.o1l 
II" r"~ l22 teo" ~'rCG' ':It'uk thllll :h,' Jf:.Am f;tt.:")-k .. \· 
f"r:l\c ~UI!:..'I:!.'~lI tha~ h,d ... • :ml'pir.e: 1.1:\y!C 111: 1!I1".jlll" 
rr .. 11! '.11 I I,,· I ::"lIPI;; 1:.:: ;:1I.~dl.:.n)l~(l1 

',1". :,.""11,11\1 "~ •. :n· ..... Th fo(Jf C2~r 9I!i!1i Iii t..""I'WNUI. 
r h,,.,· r~ .. 1", "':'I:'~" !;:~;;4:t nil 91l:!:.'1. Fl.'\\.o:'<1 on 11'11' C 05 '\.'.11. 

,;.:m::;· :\:n~1\: AII-:l::iro: ('I.1I'" .... ~~ shn·,'r.) iD )'i~" 6.l0l' pro:;!' 
1!r:ii".{lr~h.}dl!l¥.~':'r'!. f:-'1m (~7.'r1l6l~ ... ·iII • .,'~" I •. """ 
t·;.-e":<J t"x :In:v.,'rlir.r.. 3fl!Frt'd."::"I'III1~" (?:1'8!1~1)' ,,,)11 
In'JR. ~h .. rlll'''~I.ln'''l rf>".IIt~ '~I'I' ~I~ "1';(('{:Ilf.f,nl w: III 
lhi,. JlI':"I."f~rl,.,n. 'nll'!"'·,,'fI: bmn<iI'I\i!J1( l.rth~ 'F\'IHM hf 
I.D :h., p"!!Ik .. MlllP'lr<!llll) th<l ~IX«,I:":' mllILoIun;-d 1:-)' 
1!-:-tMar.o: rr.lmC;rr:1':1:!~'11fnI19i'ii2:.l;ou~ thl! Jo'WJ-~1 al' 
Ihl!':~O:l l2'l·!u·\ .... ~.t .""r ,-tm Il" ,,,,,It"'II>:li 
·P')'!i,-,lh~lt!-· tJl'T .. llbWatHi ~lfUlr.ilt DcfnctlO 

?u!. :ckt""lin:;: ct.s~r"':!lio:a (or lhl.! p-~-:t,!din;: o!ilC 
t'U~I"io:~ i.i t~m1' tbe- C!IDl\'lltrlJ~;I"'" •• 1 "I .. ,;t ~it':1 Ir 
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ABSTRACT 

Spectrometer grade. room-lempenture ndlation detecton bave been produced on Cdo.toZn8.lDTe 
grown by tbe low-pressure Bridgman tecbnique. Smau amount of indium bas been used to compensate tbe 
nncompensated Cd vacancies for tbe crystals to be lend-Insulating. Tbe properties of tbe detecton are 
crltic:aUy tlIependent on tbe amount of excess Te introduced Into tbe growth melts of tbe Cdo.toZno.lD Te crystals 
and tbe best detecton are fabricated from crystals grown witb 1.50/. excess Te. Detector resolution of $'JCo 
and Z4IAm ndlation peaks are observed on all detecton except tbe ones prodnced on Cdo.toZn..lDTe grown 
from tbe melt in tbe stolcblometrlc condition. The lack of resolution of tbese stolc:blometrie grown deteeton 
is explained by a pin conduction-type Inbomogeneity model. 

Keywords: CdTe. CdZnTe. Radiation Detectors, Gamma Ray Detectors, Defects, Te Antlsltes. 

1. INTRODUCTION 

edTc and CdZnTe (CZf) have been considered to be promising semiconductors for producing room 
tempemtu:re radiation detectors for decades.' Howcvc:r, the only high quality room-tempera1:Ure CdTelCZf dctectors 
are fabricated from Cdo..soZno.20Te grown under a high pressure condition.2 In this paper, we report the properties of 
spectrometer grade Cdo..~no.loTe detectors produced on low-pressure grown crystals. The detector testing results as 
a function of excess Te in the crystal growth melts are described in Section 2. The poor resolution of detectors 
fabricated from crystals grown from stoichiometric melts is explained by an inhomogeneity model in Section 3. 

2. EXPERIMENTAL RESULTS 

In this study, five groups of Cdo..goZno.loTe crystals were respectively grown by the low pressure Bridgman 
technique using melts with excess Te in the amounts of 0.0, 1.0, 1.5.2.0, and 3.0 atomic percent. Without impurity 
doping, all of these crystals are p-type. which is the result of net acceptors of Cd vacancies after the compensation of 
acceptors of Cd vacancies by the shallow donors of singly ionized Te antisites.3 To produce en with high 
resistivities, crystals in each of the above five groups were doped with indium (shallow donors) in different 
quantities \mtil a high resistivity crystal was obtained. The amount of indium required for producing high resistivity 
CZf needs to be controlled very precisely. The reproducibility of the high resistivity is about 75%. 

The indium concentration introduced into the crystals for achieving a high resistivity for each of the five 
groups is shown in Table I. The data clearly shows that the indium density needed for obtaining a hip resistivity 
crystal is proportional to the magnitude of the excess Te in the crystal growth melt. For Crystal 9294, grown 
without excess Te, a very low indium concentration on the order of 2x1014 em-3 is sufficient to compensate the 
residual Cd vacancies to achieve a high resistivity. As the amount of excess Te increases, more indium is required 
for compensating the residual Cd vacancies. This phenomenon indicates that a CZT crystal has more net Cd 
vacancies as the crystal is grown with more excess Te. 

• E-mail;M.ChU@Fermionics.com 
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Table I. Properties ofCdo.teZno.lo Te crystals and detectors as a fUnction of excess Te in crystal 
growth melt. ''X'' denotes "'not RlSOIvcd. .. 

Stoichiometry 1.000 1.010 1.015 1.020 1.030 
(TeJ(Cd+Znl) . 
Crystal Log # 9294 9489 9872 9618 9238 

ResistivifltIO·em) 10" 10- ~101l ~1Cf ~10" 

Indil..Ul'Hioping (em"'" 2.1x10'" 3.3x10'" 2.5x10"· 6.4x10"1 1x10'O> 
'''Co 122 keV Peak X Resolved 6.0keV 13.4 keV Resolved 
"'Co 136 keV Peak X X Resolved Resolved Resolved 

FWHMof .... 1Am X Resolved 3.6 keV 6.5 keV 6.6keV 
@59.5keV 

Np-L, Te-K, Cd and Te X X Resolved X X 
~Peaks 

From 241Am 

Radiation detectors, with sizes between 4x4xl mm3 and SXSU mmJ
, were fabricated in wafers from each 

of the five crystals listed in Table I and were subsequently tested using radiation soun:es of S7CO and 241Am. The 
testing results are also summarized in Table I. Evidently, the Cdo.90Zncl.loTe detector performance critically depends 
on the amount of excess Te added into the crystal growth melts. The detectors fabricated from Crystal 9294, which 
was grown without excess Te, cannot resolve any of the radiation peaks ofs7Co and 241 Am. Instead, a random broad 
peak was observed. A S7CO spectrum measured by these detectors is shown in Figure I. This observation is 
consistent with the fact that there is no reported room-temper8ture detection result on detectors fabricated in 
CZT/CdTe grown without excess Te. 

Fiaure I. Spectrum or "Co measured by detectors (4x4xl rrrzr(, IOOV) fi'omCZT9294. 

The detectors from C~tal 9489, which was grown with 1 % excess To, have better performance and can 
resolve the "Co 122 keY and 24 Am 59.S keY peaks. The best detectors among those listed in Table I arc fabricated 
from CZT 9364, a erystal grown with I.SOA excess Te. The 241 Am and S7eo spectra measured bl, these detectors are 
shown in Figures 2 and 3, respectivelli In addition to the S7CO 122 keV, "eo 136 keV, and 24 Am S9.SkeV peaks, 
the detectors ean also resolve the six lAm low CDCIJY N~Lt Tc-K, Cd-cscape. and Tc-esc:ape peaks. Besides. the 
full widths at half maximum (FWHM) of the S1eo 122 keY and 24IAm S9.SkeV peaks have very low values of 6.0 
keV and 3.6 keV, respectively. 

When more than 1.5% excess Te is introduced into the CZT growth melt, detectors with the capability of 
resolvina the radiation peaks can still be produced from the grown crystal; but the performance of the detectors 
begin to degrade. As shown in Table I. the degree of degradation is proportional to the amount of the excess Te 
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used for the czr growth. Detectors &om czr 9618. which were grown with 2.0% excess Te, can resolve the major 
S7eo and 241Am peaks. The values of the FWHMs of the S7eo 122 keV and 241Am S9.SkeV peaks are still 
respectable. But the detectors can detect only the envelop of the low energy 241 Am S9.SkeV peaks instead of the 
individual ones. The characteristics of detectors &om czr 9238. a crysaal grown with 3.0% excess Te, are even 
worse. There is a broad shoulder to the left side of the S7CO 122 keV peak. a typical sign of high hole trapping. As a 
result, a meaningful FWHM value of this peak cannot be measured. 

2ODO 

1Il00 

241 
Am 

FermlolKa czr 
4x4113(mm) 
Bias:2DOV 

1I9.51caV 

Figure 2. Spectrum or241 Am mcasunxl. by a detector fiom CZT 9872. 

Figure 3. Spcctnm'I or'7co measured by a deb:etor ttom eZT 9364 

3. DISCUSSIONS 

The discussion of the general properties of the detector results in Table I will be published elsewhere. In 
this paper, the discussion will be focused on detectors &om ext 9294. The S7CO speettum measured by these 
detectors from is shown in Figure I. None of the characteristic S7 Co peaks is observed. Instead, there is a broad 
peak with energy much lower than the 122 ke V. To undentand the cause of such results, a separate experiment was 
conducted. Several detectors from CZT 9294 and CZT 9364 were exposed to visible light and the DC and low 
trequency photocuJTent from each detector was measured. All detectors from czr 9294 have photocurrents more 
than twenty times higher than those measured on the well-bebaved detectors from CZT 9364. How ean CZT 9294 
detectors that cannot resolve gamma ray peaks show such peculiar high photocurrents to visible light? For such 
high currents, the hole lifetime in czr must be hiJher than an unheard value 0(20 pscc. To explain these results, a 
model4 Prol1Osed on small bandgap, near intrinsic HgCdTe can be used. 
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In low carrier concentration (_1014 cm-3) n-type HgCdTe with a cutoff wavelength of -12 j.U1l, extended p­
type inclusions or domains arc fiequently observed.s Dislocations are a potential cause of the p-typc domains. In 
near intrinsic n-typc material, a small amount of acceptor impurities or defects ~Jx.lOI4 cm) diffiJsed through 
dislocations can easily convert the neighborhood of the dislocations to p-type. The symptoms ofsuch a structure are 
a higher than normal DC and low ftequ~ photocurrent in photoconductors IBJger than I mm, and an unreasonably 
high measured hole lifetime. The· model developed to explain these phenomena states that the extended p-typc 
domains in the n-type matrix form a potential well for holes. When the p-type domains form a network connected to 
the cathode. a new mechanism to conect the holes is formed: the photo-general1Xl holes in the n-type matrix can drift 
into the potential well and be collected. This process is illustrated in Figure 4. In a conventional n-type HgCdTe 
photoconductor with no p-type domain, as shown in Figure 4(a). holes that can be eollected by the cathode must be 
generated within a distance of Ih.,...'t!.E from the cathode, where lAb is the hole mobility, 'th is the hole lifetime, and E 
is the electric field. But in JHype HgCdTe with networked p-type domains connected to the cathode, the situation is 
different. Since the holes in the p-typc potential well have fewer electrons to recombine with. they can have a very 
long apparent (measured) lifetime ('thiD

) and drift for a very long distance 4,irt, where "in" denotes "inhomogeneity". 
Consequently, as shown in Figure 4(b). holes generated by the photons outside the Ih range from the cathode can still 
be collected by drifting into the p-type domains and then to the cathode. As a result, the photoconductor can collect 
a higher photocurrent. It is noted though that the detectivity of such detectors actually suffers because the detector 
leakage current and noise are very high. 

(8) 

Figure 4. Modeling of DC collection of photo-generated holes in ncar intrinsic 
n-HsQiTe: (a) homogeneous condition, and (b) inhomosencous condition with 
p.networb in n-matrix: 

The phenomenon of the peculiar high photocurrent in response to visible light observed on detectors from 
czr 9294 is similar to the excess high photocurrent and unreasonable high carrier lifetime found on the HgCdTe 
photoconductors with pin inhomogeneity. According to the model explained by Figure 4, czr 9294 may also have 
networked p-typc domains in an n-type matrix. This idea is consistent with the fact that CXT 9294 was grown from 
stoichiometrc melt. Comparing czr 9294 with other crystals in Table I, this crystal bas the least amount of Cd 
vacancies and Te antisitcs, the defects been proposed as the deep levels to pin the Fermi level to the center of the 
bandgap. According to Ret S and 6, it is impossiblc to achicve homogeneous high resistivity simply by close 
compensation between shallow donors and acceptors. Any slight fluctuation of the densities of acceptors and donors 
can cause conduction-type inhomogeneity. For achieving high resistivity, a semiconductor must have sufficient 
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impurities or defects with a deep level near the middle of the bandgap to pin the Fermi level to it. Based on the 
above discussion, it becomes clear that the density of deep level Te antisites or Cd vcacancies in CZT 9294 has 
reached such a low level that p-type networks has formed in the n-type matrix. 

The concept of conduction-type inhomogeneity can be used to well explain the measured gamma ray 
spedlUm shown in Figure 1. The model of this explanation is illustrated in Figure S. During the measu.rements. the 
shaping time (t.) is typically 1-2 psec and is comparable to the hole lifetime'th. In a detector without conduction­
type inhomogeneity, the holes generated in a distance of ltI,t;) = Jlht,E from the cathode are collected within the 
shaping time after receiving a gamma ray photon. However. in a detector with networks of p-domains in n-matrix. 
many holes are collected by first drifting from the n-matrix to branches of the p-domains. and then to the cathode. 
Since in the p-type networks the holes travel through zigzag channels, and the maximum hole traveling distance is III. 
(t,), the holes that can be collected in the shaping time t, after a gamma ray photon reaches the detector are then in a 
distance of 4,' from the cathode. which is shorter than the distance of It,(t.). As a result, detectors from CZT 9294 
collect much less holes in t, than a homogeneous detector docs in the same time period, and will consider the 
incident gamma ray to have a lovmr energy than it actually has. Furthermore, in the following shaping time periods, 
even iftherc is no incident gamma ray, holes generated by the original gamma ray in the area beyond the distance of 
I'll' from the cathode are still collected through the p-channels. As a result, when a detector from CZT 9294 receives 
122 keV gamma ray photons. the electronics does not register single gamma ray photons with this encrgy. Instead, 
it registers a number of low energy gamma ray photons. Thus, Figure I curve is formed and no characteristic 57eo 

peak is observed. 

The relationship between It,' and 'b(t.) can be approximated by considering the averages of these parameters. 
Assuming lp is the average distance the holes travel in the p-channel in t" then 

(I) 

where a is a constant less than I. Let If be the average electric field in, the p-cbannel along the velocity of the holes 
and E be the electric field in Figure S(a), then 

E'==aE 

Substituting Ip""J.lht,E' and Eq.2 to Eq.l, and use Ih(t,) =- J1&t.E. 

1,,'=a'1.t.(t.) 

(2) 

(3) 

Since the orientation of each branch of the p-channel is random, the average orientation of I, can be 
approximated to be 45° from the orientation of I'll'. and a becomes c0s4S0 • Then. Equation (3) becomes 

(4) 

In homogeneous CZT detectors, most of the holes contributed to the 122 keV peak in a "Co spectrum arc 
generated and collected in the region within the distance of 'b(t.) from the electrode. Now. in the inhomogeneous 
CZT detectors, these holcs are still generated in this regioD, but they will be collected in two consecutive ~ing 
times because of Equation 4. Therefore, it is expected that in the spectrum of inhomogeneous detectors, the Co 
122 keV gamma ray will register near 61 keV. And this is exactly what is observed in Figure I. Naturally, for 
different degree of inhomogeneity, the S7CO peak will shift accordingly. 

'Che model described by Figure S presents the hole "trapping" effect. By the same argument, the ''trapping" 
effect applies to electrons too. IIere, Figure S discussed the "trapping" mechanism by the extended routs for holes 
and electrons to travel. Another massive trapping mechanism in the pin inhomogeneity is the trapping of carriers by 
isolated potential wells. which can be eaSily understood and doesn't need to be elaborated. 
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Figure 5. Modeling of gamma ray spectral response by en detectors 
In (a) homogeneous condition, and (b) inhomogeneous condition with 
p-networks in n-matrix. 

4. SUMMARY 

[n summary, Spectrometer grade, room-temperature radiation detectors have been produced on 
Cdo.90ZnCl.loTe grown by the low-pressure Bridgman technique. Small amount of indium has been used to 
compensate the uncompensated Cd vacancies for the crystalS to be semi-insulating. The properties of the detectors 
are critically dependent on the amount of excess Te introduced into the growth melts of the Cdo.~no.loTe crystals 
and the best detectors are fabricated from crystals grown with 1.5% excess Te. Detector resolution of S1eo and 
241Am radiation peaks are observed on all detectors except the ones produced on Cdo.golno.IOTe grown from the melt 
in the stoichiometric condition. The lack of resolution of these stoichiometric grown detectors is explained by a pIn 
conduction-type inhomogeneity model. Because of the lack of excess Te, such crystals do not have sufficient Cd 
vacancies and Te antisites, the deep level species, to pin the Fermi level to the middle of the bandgap. As a result, p­
type domains in n-type matrix or vice versa arc fonned. Such inhomogeneity causes trapping of electrons and holes 
and results in dctectors with no capability to resolve radiation peaks. 
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,;Iu:;!, ill r-an:. ;-ram thl~ d ... .:-n~;J!{ .. • illlht lar:.tlee romltl,W,1 
'ltritll ~hll lntn.-Itk: iu ~ln\: <.'I.If'ic'!tltl'')nrm a1ld • .".. a ", • 
.. ub. IlIYIl'sitlol ••• :I ... ··'.·.",.· in r,!!.' J!I!nr-tly niT!! ImH"illl!!. 
y,.3t ieh ·/ly..uM t'hl!:1 CllC"!: the· I'll :1To!ri.al to .", mr;.n' 
P1.y'I~!, ';;"1:., !-"Tnl: Irlll'''mil!"i'm "'.1" ::l-..(IC'.,ni<:lh .... ll~1 
i1rUliilT~It:!: the: dL'('T\':I!Ie in lh!! ZIl ~ .. )nr.>(,·i"I~l'~tioo ~f;)nr; 
tllo,!> "'('I'li~:'l1 dif( ... :~i •. ,,' "f tbl.! 'I1r.lIll", '~I' ~hr.r.o..,. in Fig. 3. 
U,·::I"·, rh<': r.tI.<Ilrlt\' gnp i.<!. lo:ttr:J<1~!'t !r~u,~ :1';.0 ('J,lt.I~« 
w:t· .. !~II::I:.:I.h t:J ltJ~· ,1''''I'm tron~.ni~::ii'ln <,:nd r.1<:mrh' 
.. bj!.\,\,," ~ d"~"f'AW in thp. Imndf.ilp n).'Ilo)!: Ih~ y.· .... ie;.;' 
:f'il',!>;U,·.r •. Thlr. r.a r. be int"'Fji ret!!l.I ;,.,.; ;, '!I!t'!:'t':1 11(. in 1.~ 
"'""~ii~ill'fI'''''1i ~~l!!.oIf.' IN.< ffl:IfI"If!11 r<lf'7.nTr.: i,: ~~(!r 
tlLln t:tnt. .')f CdTe. ~'b~ t"P !l1!('l.jl;J: l~.:!a'i.l('t\'·J by Il 
1N..."l1I;.,·!;' {If ,.:h!)f;~::tO::ri:'ll"l! p.Moo,.,mo"T.!I. :nll1t.., ...... '(','1':.1..,(' 

tht-"..~r;tnlion 1"(1I!ffid:i:n~Dnndh .. 'ln m Cdlll'rt·IJl.I~ .. , 
ahall i:i.'l.!". jb \!''','''I.'(o"r.r.f.llllfl w-nd:> kI ir.cIT".J1jU' 'l'r:rid1,.' 
ill ;;t:':l bulk ","';l! thi' I'=ad iI!th" J;:IV ... ·U'. 'TIn:. ~i!I! .. "t :~ 
:-ilt:".>:11 Jrl F'~u, .... wht'n" ih" indhu'll ·~nl!l:!pfr,"I;i ... n i~ 

Wafer 
Energy Gap slice 

Tep.l Eg: 1493eV -c 
T(lp-2 Eg=1 49geV 

1 
~ 

CZT OJ 
C 

Sou" 'in 
t'Ci 

8onom-2 E9" t 508 eV ~ 
Bonom-1 E9'" 516eV ~ 

0 
.If ~ •• J. II'D O:'C'~:J~r.:I <:nOIj;\,~:;I ott::l ~t.;:"l .... ~, "~::-. .. I'I!"I\"-;ti • ., 
7f! tj~:,.~,;~ fn :~·('~:r~\·.i)'" 1;.1' !,rr:: \"'ItU" to .. ',,-..-trJi '~h ::lltIH 
t<."'~ .... 

~. ~ttt~Q.t.." 

FIll l, n'i\ lo\.~i'~"'I'i •• oo:."~Il'r.il'tGl:lln1'll. 
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'. 
I·· 

..I 

lUI .. 

, 8clo'll 
PP.'3bn 

11.10 

I '\. 
-! 

I , 
, ___ , ___ . ... . . __ 1------
_t" __ .... It"" If-_ 

plotted ·i.'I!!!'I.'IS r1\" a.mr.,un; ...-111 itlU'illd fi)r d~llerer.lt ':&!!,f.t. 
rr.~,l!\"'tt~MI !:'·II'ifkil'n~.or;, Tht~ I'!·flllj •. lh 1."&1. y" lI. .... h !fj;. 

.-t,l1mr="(,(I"lplt!:~~ hlllrJ.).::t<ili.·ilJ.: b!\ e:j-,,'(,'!I hy 

C. = k.,C'i.1 ,f - X,,,,: 
... ·~Icre X LS ttw ff:;Wr,'i.,n. {.f Ikllli.i j;i)Jidif-., .. 1. k.. i$ tbt:­
""!!'''''!,l'At;f>n C'r .... t~l:i('n:-. t; .. i:. Ih~' ':II!I~"'''H;'it,i«n ,in 
:.(.IiJ. ~1I.j t:!) h.t:I'" Itllt inl 'irlt purity ":}!I.:.~nr 1'."Iti,',~ in 
J~';Ili:f, 

.. \ <;!'I-:r':'-l:;t'!illn,txtld!icit!l:1 1r!I).:$!l i~ U,;~'1: 1;:1I·1h .. dl)(I­

i:l~ t'lik,ll;~cjcn~~ r.:tf lbccrJ.·:;t,.l t:"fY.\..-:h. h,.:::n b,'::«tn 
Ih,u.IJt~ ir.ei1~I':1'·»'n;:.;!ntT.'It.iCln h~::n!:t::~!.iI b.,· ",u::lf:l.I~ ~ 
1::',1..:.1' .... ,. :1~liItt ::.,-. til t~~· nli,,'dlt' ;~"V:' dor ,I'i' "I'\'):tnl 
~nd.i nl'r;::: <:I't! rn]ridlyn.'JI'!' th;;,im!l. w!lil.-b i'" t.w ~11ifl:l, 
tJt'., 1'')w'R',;:re~~l:l~lI .:.·.-,ml·i~·t!t. T:'1~, i ... t'~!t'W i,!· 'l.hi> 

~tI;:,::! Ir f,~n~ i~ n,'" ~"'I}" farf,N'Nt -:i~~ri r.~ thadl)pi:!.,;; 
1tl'V.-1 Yo i~ hm lhe Cdln .. '~ c .. ~ l<~:11. hut Jll:inl1llhd(.",:;,~. it iE 
,,1i1l ih>:'ftl' l%1.':JtJd, -'h~ nu ...... ...rT.· prc'~Pt:l!.(l:1 ia. 
a,'.w.".' :l(,ar the i!:W. uI't.bt! ~tW!h. atld , .... ~ n""'II11. 
th~ l:':'i';"'" {If t·r~"::9 .. h:;if'll~-~".":jl. ;)11 I'M'i\'n 5n 
"-)1; .. i, H<'::lIc:Qe! w ... • :t:t"" t.l!l'n TWUfrely B~iDq: tnllla.­
.lIn;t~i"n .n, '(t"!llY"ment~ f';". r,b.nll1;"l:Id" !I: ,"lIb.: "'I\~n" 
fDr1H d...rl,,:t(fn<',,,,'·r Ih,- ..... :(fl<. 'bi:t<:r..eJ.bfl(,) iii' ~'.p~}' ro:­
li aW .. >"ttl",,· ChNYI iral~' r.,li • foi np, ;. til iT ItnthU:at (It m.:a 
~mi.'11. AII.:.bu;.;h it ':£:II'~ n:d. qU:luti~' the.> I,,·vel.:,f'n~ 
IIN'1:tpitllm:.. II .·1 ........ t:i.:" ".,1""11' i:n(I;.T.t:innlll!'!.'h ... f1!'1 
.. th'r. 3.1:1,',11:11:.:. This i:Jm.:-!I!l\· hi tlltt Uidt.l~,t'I i)f~tl' 
T • ..' p'1\."l·ii'n~'t·J"; h;l", tb ... "'!l· ... ;f, ,)f i~('.1Y";a:<;,.? ,.:!wI ( •• t,YPll 
1'.".)r.I'f'ncr;\t.i".n. A:I :1I~h!':l t. ... rltI!'T. UI~' ' .. i:,~' ~'1,I'W~'I"I~I':'I-
ttcm lw!! ~.l-i' d':·"r.;.oll'!if.!lJ ill t hi!! :'i"gh:.rl' l::lt ,~nn~I."l 
('f>m,"lI';aJte ii)T t1:(! dlltri:'ll.I~:ltlil Il'nl.Y.t 'ill lll": 18.'~ 
'iU~ u! itr \.II'~I J,:1I"'i.·,·j l;..i~.:I~"'·3. . 

A/t""I! r,-h- H('f'i,·,,·r.lr.:l DiI'.w/;tr1 

Tt-.I! ~'t\u1tj. .. n .~r.J"('"r$lj; th~ =,Ii('\.~:l w;;t!l."r. hilw,·,,(-r. III 
::r.w:h mm,,' l.ltdl'!:.r:,:. Ul! l:!b(.'A.'I'1 ,n F~!!'-2 B-J3~ t'nr thft 
tbrl"! dilr.··t'l!ln~ ("'y,;tM'II n,l-r,-, 1hl~ .~ri~f!C nJI (hI: LT.\'l>­

&.III:: ill·:fic;ttc rAe it:dhtidutl.l dilC.f'I:t')I~ dl.t'lT "''''' dk .. :c!. 
u.-.d fl~ "lllI.Md dl''i .. il.'.~ 11.1'41 gm\lft? dm one~ ~~!r.h-:i. 
tt :wn hI' ... ·~'n rhllt !lift c,h~' c:ruUi!.ct~I'J'I.:t!<l wIIP:r;. 



t: l1i(f ~ r lll 't ' ftt.rr :·": :· , !r. h,·::il:a~ I~t.~ d' r .... YA~ p .... r'ar ('; r :.,.I : 
,·dA .Yn , fl· · : 'r"';"'!~I H. l li :' ~:' - fij.af;: fu r 't: t\ :'lnT 1' 1,-1 ;.- " 

t t-;..·· rlr. ""7 .... ~-·. i:""- n. (' : rn:"'OirilJ ' I' ~ • I~-I ';:i : -)!lJ ~ .'; :' ~h l!o " 

:U) . ,Tit c' of ·m .:c .~ t71tl) 1;· fr'I .. .:\. cbr: :iJ. d U ti l.tl"'·· 

):uud n~.rf"r .,; a l 1lp .... ~. tnt! l'T",i 'o( li·. it,.' I:H "-."r""';: ! • . ,~ " n 

1d" t':- ·\."H: ~ .. 'm,.' 1'1' ttn.' "-lln.!Unr'( ;U: OU:,t f t ' , : . ... ,,.. 

b".'jtk..-l:ll .... I ~ ·:1I1~:--f--:X" . w~'-''''r'p, ",,,,.fm' .-";·i"f{I ~·.Jt!S. ':") (1\'; CJ 
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.. .... . -. • ~ or .. , ..... ," . 

bf.·; I ":; ~'''' ''''' ~lf ""-!-.. : _ .0\01} \". w ... .:JJ.." (' J-t""" Ir~f'" • ,­

tu t: ' h>'"\-':'I ~ ,1' ''hu ~ d: 'r!· m 'I..!· ':"':I'~lr Ill; ,. t .. nc " 
J<t'; :i ,-'. '.' " j . ) :; \.'. Till' ~"" .. k!I"WI) "" ft~ :! .. ,.,·;tW r~·. 
Fr,,~J u.~;.. .... 11.\ ~u, ~ :J t·;. " pxrw.'U.-f t' n" . J',,' ,l .Ii';' c '~:-It 

Mbt"\ ·'~ '") .=a"; .. \1 Tt,!, .... ~r !.~n l f\ :-.-r..: hi bl~ jo · I.'l r , ·;1 tJ. 
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"'IJrfa:I:~L I.' I' ril i ti.)[) , h'.~~ll, lJ.r,oe ~ :;, 1I !f:'.:~ tl' . ""'\,,,-jC,., 
W:J.H n-ul :.ptilli7.d. On the olhe-r hand. the bulli. 
pr'."(Jt'rttl·,-: ,;;Irl .tis .. ",f.·I·[ Ii.~ sUffa':'t~ ~~:ue and. u]:i· 
m;!ld:.·. thr :m.,.-{,('i;' p:'l:' i\·aLlhfl. 

Ttw "forl·tra "h-t."in('rl 'T" m thl""e· dk~'11 ,..Imp!!·" 
1'.~;'I>nl t ;,,j' f-t""; ,, ·t l'lf ) ,h,) r= i I j, .. " ':: 1": pr·rr:;rrn:tflC<'. 
whl:-n: d i,=", ~-tth r l'-';j<;tki i{"!; no .... rI:l(or of :~ n,M"! 
~nd ~(':.a-:Y !ill . ~ ~"r.j " pc,tTZlI T('<:oluti-on lit --n;,m 
temrJl.?ratu:"t'. ·IB lO'bow in f'i~ . ,. :m~ 7 fo',!" tilt· ~ ... n~ 
difftf/:-n.t l' ~t~~l~. lttfo Cd and Te e~(',1 ~ pt'ak!l ;il~ 
~I.;p; . __ . 3.~ tJw cl';:II·Jc:t4:r~:~ t i,~-.. r(Jn' -en"~I~)' pt:·ak l.l[ l1. t: 

Am ;:1 d~drl~' re,,~!!. .... J :!1Jtr. UWl!e df.!~{<ct(:ol·" \'li th 
r.:",,:<ti·.;1 iI": f:rr.'ltl-:- t n iln 1 F:9 n , I·:n. Hn· ... ·I~;',:"'!', Lh .. ·:,!· 

dll~r· IW.,k~ ~."" :·mY'·I ·.IIl~I~:l ~I.T rI.':!'.':I:I'~ wrth "'··.·;j,;tiv · 
ity ',f:iw'" th~e ;'-r' ~~ eh.!lTl , .. IJ.:;;;. O·rm i'l.l'l,hn·.':n in 
l"jg 8 rpl" C he ·)t hI;'::' .cr." i t :J 1. Th(":<(' r",Ft;!ts in", n :<jc-· 
t;' 8 IT' ,-.nt::' m.:my.~ n c-<; ~HNt -SimHarh'. fh(> :' ''Cfi 
dAta 1'!h~w i,ghf'r r : ::ution 1)(tho2 122-·!ke\; p;;-3 k f.:lT 
d ,·\ 'ltl ~ ~h:ll art' ~r .:!k r th:UI lOll !"!-cm. It i..~ "'1\o!·1-!!~.,.. 
\~ .,.\'(! t !~ ! ' th~L:'3h..: _d fur ,,'~'Id ~pl'i!t'J'a Iles~ h"''';;')Yl'r. 
tht! rt--,1Ib; ilndic;llh' th_ ~ Ihl"~ ;~I""Jwn ~: "b,ilar 
I·"m!it'p"" · .... idh '1>~h"h';t .P:" ~,:) (··r t'h;!tn Hi" 0 r.~n 
;') !iI:I ".-ith \: hr4J'.fIkrl.:, .... T "11 t .. ,~, r.-r-IlWT r-h;l::t ijI)O \' 
·,~·'; 'i most l;k~ly \; ld h\~lt('r d.p·ret .... ro: 

h i» .013: C-.'idl-I)t thA, t he •. tift;·· ,:, ~'n ~':~ i:o", n '(lot at, 
·.'8~';:;; (!?Solt i!l ,1iff~~nt ~rf .. 'rl"r, a!l{,,( l'htll'~ ::-I(·rilitk-..... 
;!.. .. ill·.1;;frllh,:) fr>:lm t~ prt>Vi,.,u.. .... ly rlll'llti(lll.ed ~_m:;'I. . 
1·'I)f' p·Ulmpi,'. ,r.:;;tal 9ST2 ; lnrl ~.19S!-l !,x:nbt! IJ"l:LICd 
p,~·rfi\lT.1-1 on:: t;·,; cii t''' frrlrr difrt'Tent !{f'ain.I(., ':~·t. L:t\'~­
L..11 ~"71 ~: N;':~. !i" 'Pol" diff ... ,;(·n("" in ",~i:~I ; ·.-jt\' hdwx:,· n 
[tit ' t·,'.':; :.;'r ;~, ,)';S . H('w~"·!!r. U1.tXf.? - [,t<i mu::t t'; €'~r.r,,{'~tf 
froMl t tk':W ":-'I)[-rir:: (' IlL'· ' I) ~!JlIv Ijndr.,~·~!:'.n-d:;lDd makt' 
::ily <x~-:':""1 ~' T'n-diM ~!'n~ 0:1 I!-:I.;; i .... rr-;·latv.m. 
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J" I!II r'1"'; ~ a:d lU "'hll..... !< Il,n:~J ' i llll'!ll~,it;-' m;) I-.... ~ 
wi th' a ,;.jr.!!1'7 d~ti?rt~rl ... :f-rrc;l, ' ; (:,,1 :) ..... 1. '~::tn:l·,\'.i1..-; 
W ·d f il1>:r.' mo:'ntaUy m :l.p t' dl···.; ~ ~'t' ... -:-. 0,;; mm 
Thtl ~ : .. t.!·r Lod.::!:~·~ befl:j 'lf(' -~I~ itUi'U!r~'- r AD ('(n:(·I"". :;.nd 
lis t~:\pI!(.M . .. ',-i hlt ;0' ~<! . 'i,y :." nd. ~ hu,_ 
"~I"":;~ low nlJmbl"- a! L:lJunL:! at :h,' 122-kl V (-no..'!'G 
[lr-" k , 'fhi- '~~ '::Ic'r .,nd ,Iutnr :ln~;)!I, <; I.!t!." Ht'!Ctll:- '~ 
fli~ . 9 ~hnw n·ry ;-!": 'd 'IMiln rrrT'ity. Wlnlt" h.: dl·~,·ctl .• r 
,h,Y.~'T1 i n I" j ~: 1 (! '. " ' J:I,l:'-' '''' nnm:nl~'",l .. l- rH·;ort,,~rl-;r i= 
n~ :J. ""t . P I' of I h'1 OUr..eT y,;·"i . Thi .;: n he' du." to 
~r·f'll"- Te J..'l't· cl~it !< • ,.. w ' hi!", ~h·' ~r.1.e !?'to . !\S ;' h r.· ... · 
il; ~[\ lR i.m ~I \!.-' of a w~,fer ~Jlce in Fig. 11, TI~ " mgll 
(1;:['11. ~ I-'o(}t un ::I .• ", ",·afe-r iUlblratl:':': lM likditl')' ~! of .:l. 

.. , --; ! 

• C' 

". 

~'''('!)h)o '(~ 'br{!"I:~1 

:t.:Irn f1 ~~ 
;:'I511Jmm 
ni) OI(V,l~1 

'WI) !""i'" 
\11.1 ... ·O!I 
2 ~k ... ·oII!.!C ,,;h~;r;'1; 

12.0 ~(. '-:'ll;r 

i). ,~ mn .. !.,,}<j r.! 

C",1 
el Au -:.:>nl.J.CU. 



l t f ' ' J~ '~tj Y ~L.lId tt,- "Ir r·h~ .-it·· fj r" ~' m! ...... ~ Ilf f J ..... f ..... ~ •. : : .• ~I· "; '~'.-:,... 
I "I!U ~,..lt.~ . trN t'" .1\ .1 " I ,: If" • t-:> ~ -i!tJ'-~ fl"r fJ""H~' ! II , .~ p .. t, "'-':,'.~~ 

l"r.;'''r d·.'l~·t.:hl'- .:. ,rt. II ,-, ~, ":of 10 mm [I) min ' 
I::! r.l:t! v;,-,re 'I~m ·!<"" .·'I l<) fhr.;] in ~lir.i. 'r.'11A11 l1r:i!;,r­
rr i:". !l." "~, fll."lH~ 12" ~h,,"'" th~ tR Tr-""~l":,usic':l r.! 
.j : ; mj'.t, ' '\lotr '!l fTl' TlI ;,.r' '''hn ..:n'"[::;1 .:: ,,' .,', •. ·,md,. r 
~f ·,;J:1 1 _ '~Jmllll' h.1 !!,. nth", ~.('\'\' : I n -,·'r ... t t .. . r 

' i~J ,·I"lh . ·;':., w:;'(;--'" Ahh-ne~~ ~h.,., ' , ... "-'l", ~ 
To:- pn:.-riplt·",,,, .. vtl th _ (,F"lfr .,f;,b:ll::I.:l5-10 ... r~1. lh", 
imD;:Je ,f e" :1<'1 ~h" .... :' 11 .'- ~ ' .<-r •. -. ~i · .... 'r· ::. ! \.. ... r~ 
Mri·:\:<'~. Tha.- d;1 rl!. ~,!!',j'''I'' rHl r,; , "-::1 ;.: ,'" ."" ':'L!.'-' l.r 
"~"( 'i\~ dnm.n~, T:,:~; ct!t 't r ' T "\'·,'il.';' b>·r . d :,,!) h.:\".c ;1.;:· 'f 

fij i" n ,.·m :md <\':1'. bi.'1""d I.u [/J'J!) \' Fig1 lr .. [21:· 
sl-..1 '·"·;' t h". 5-M~V u'T.hlt-pi!.rtid __ · '. r '''::l·~'''' ... f " ,-\!'11 
ir:>:-:L~r;l or.. ,b.'~ dll"_I1: •. " \Vhil" i: l:':I.r·~ Qi..~ t· :\.h.i ~l t t·"-
1!"n,·=,: I=<-rf;,nnu'r.:-:>.: ,,';1" a ,,-',.ilJt~nn ,-n ;tb ',:11 S': i~ 

---------,"" 

SalT'pte sire HI 4mm X to 75mm 
X 12,Smm 

---'-'-~-~ 

.-

Infrared tra nsmiss:,or image of the 
~tal wh~n ~lIl,Jminated from the 
BOTTOM and viewed from the 
TOP 

r. ii, or;; !1 di',:('m ·.I:njf~rll'\i l \' ,It ,I'll! !J""" mm.-nlll t1ult 
\ .... ~ n th .. tl:1.~3 : ::a C!~rta.in ;r.p,:li t t! !.I'l~ 

(~flhl!·"'''.-,'r ': " \,)Of,~l~ t'.!I.:<lt '~~ ;':"'",," VlI. rh .;, m; l iT 

p.:l'!':un/}lc: ~, 1:U· I 'ffii~.tli'l'i '.-" ~' h~:"'!1 r\.~ j :; tE\·~l·r tUld 

~ d ,'t e<tQT p"r fi ,ml., ,),"<;' 31 ITO:>ID t~'mp:"r;~""r=- '. 
Thc"'" f:.ur t'r-'~ it}" " . d 1'. ,i"r ~ \<ir " ·':it\;~.,. I!ll ttl\! 
,;"ri .... . ){ Ij-' U'-=l. WI'''-", ;t! :ilh", t"yr.. ~ ru-,w-"d m"il'~ 
IDI'I!CI Mo..ot :1 cti!~.tk~ or I -.: ·· j ·~ ) ·. ty ~",d !I·;,t('nT'~':1O: !'. 
~ I ·f th .. · .... ·'1'r..t1mi n~ .. )r. •. · l·:d : i'"" l i 'li, p:<t< I~ (~h.~ (' .~:~r:-ri::tk·:; . 
'II dt,. .. ~ 'd N' nntrd d1.~t :!:-t: ;1I1""I.l''rt()t' · I,,~ i ',lm ~k'r-~ nll: 
! ~ on t l.~ ,.,~ .. O'f (~ 1 PFn: in the cr,'- ~t.:" 'M,..-·,..·f ... Tf' 

80)) 

o 

_ . --'\ 

03 t40211. 

t:u~e' 
1'j Is lie" 
I· ....... ". 

··'Am 5.5 r .. 1~V alpha-partiCle spectrum 
obtai-ned \\Irttt the olanar dtt~c~c~ a~ a 
~ielr:! rY about 'OOOV/crr Tr:e aloha 
part1cle5 WEre Ir"C .;:lent 0'" the­
BOIOM electrode 
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the J1.'jl:mduciililily i:< I!~~\!.'I~I!:I~ t'111,!CkII'I'lm! Ulilt. ttml 
IDW :-'r.:1.,\Ir..t of I~i1T~ (1mp',n!:lI1(!!' ~Iw :Jc-t (;.:j \':'1' 
(':mr.y Ilnd1b.fI:/l;i::tf.;1l ,I:" 'l';,,J1 n:: !IIi! Ihl·.-,tI~I'1' 1::',f:·I!tQ 
wlthil) (hit itl.!l(I!'I':Iid. Aill<t.lhl? h;·) I,"'Y;{"'~ tIht .... ·"d! G' 
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Distribudoo of the High Resistivity Region in CdZuTe and its E«eet ~ ~ 
ou Gamma-ray Deteetor Performauee . f f ~ 

. S. Terterian. M. Chu, and D. Ting •. i &J ~ 
Fennkmics CorporaJItm. Simi Valley. CA ¥ ,~ l.. 

The .- of .... location of .... biah ... ;.u:=: gamma __ pcrfonnance with .. ~ .~ta1 
boule is investigated for 10% zinc with 1.5% excess Te. By va.:ying the indium doping concentration in several 
CdZnTe boules, the region of high resistivity is seen to move along the verticallcngth of the crystal. The variation 
of the zinc concentration within the crystal boule is compared with the location of the high resistivity region along 
the length of the crystals. The concentration of zinc is extracted from FTIR measurements, and the segregation 
coefficient is calculated using data obtained from the CdZnTe crystals. The zinc distribution is plotted in terms of 
the location along the crystal length in order to correlate the concentration with detector pcrfonnance. Radiation 
spectra obtained from the 122KeV gamma rays using a "eo source reveal a sllOng dependence between detector 
performance, and the relative location of the high resistivity region within the crystal. Initial results suggest that 
there are three scmi~stinct regions along the length of the boule that give very diffcrent characteristics, where it 
can be said that the best detector performance is in the middle region with a 6 % resolution of the 122KeV peak. 
which is quite good for test detectors without a guard ring such as these. It is determined that this middle region has 
a zinc concentration of -9-11 %, which varies slightly from the original concentration of 1 ()DAI, The differences in the 
performance characteristics is discussed, and defect distribution within the crystal as the main source of the variation 
is suggested. Also, based on the results, it is believed that the. role of indium is essentially to compensate the 
vacancies in the crystal, and therefore, secondary to the crystalline properties and impurities within the boule, 
Overal~ it is believed that crystalline defects and inclusions play a greater role in determining the performance 
characteristics of CdZn Te radiation detectors. 

Keywords: CdZnTe, Bridgman Growth, Single Crystal, Gamma Ray Detectots 

1. INTRODUCTION 

Over the recent years, increasing interest in the area of un-cooled gamma-ray radiation detectors has 
occurred. Most recently, a serious need is seen in sensitive, low cost, and portable detectors for homeland security. 
Although CdZnTe is a prime candidate that possesses most of the qualities sought today. it has fallen short of 
expectations due to pc:IOr yield emanating in part fiom defects and trap centers, especially for medium energies as the 
122KeV peak of a "Co source. Therefore, in order to obtain higher yields, it has become necessary to better 
understand the chemistry involved in the crystallization of CdZnTe, especially with the distribution of the native 
constituents. For gamma-ray detector applications, it is important to obtain crystals with high resistivity, such that 
the Fermi level can be pinned near the middle of the band saP. and thus, a high bias can be achieved before 
breakdown occurs, This would make it easier for the photo-generated electron-hole pairs to be collected in the high 
electric field due to the high bias. In this paper, we set out to investisate the effect of the high resistivity region at 
different locations within the crystal boule in order to obtain a greater understanding of the behavior of the various 
types of defects. 

1. EXPERIMENTAL 

Several CdZnTe crystals were grown with 10% zinc concentration by low pressure vertical Bridgman 
technique. In order to properly dctennine the effect of zinc concentration on device perfurmance for a given starting 
concentration of 10%, the location of the high resistivity region was changed by varying the amounts of indium in 
the boule for different runs. This has the effect of changing the location of the high resistivity region within the 
boule, while the starting zinc concentration is kept constant from run to run, so that the net effect is to obtain a 
variation only of the zinc concentration along the length of the boule. 
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Once the wafers were sliced. they were chemically polished using a Br-HBr- Ethylene Glycol solution. The 
zinc concentration was determined by first measuring the cut-on wavelength of the CdZnTe wafers using a Perkin­
Elmer FT - NIR Spec:trometer. The data was then inserted in the following equation &om Hirano', which was derived 
&om ICP techniques and verified by NIR. experiments; 

Zn(%) = 289.36 - 0.33804 A(a) (I) 

The term. A(a), is defined by the wavelength corresponding to an absorption coefficient of a=IOcm·J• We have 
found that a better fit exists when the 50% cut-on value is used for the wavelength when covering a greater span of 
7.0 concentration, although, they are both very close. This data set is then used to extract the segregation coefficient 
and the initial concentration using first order mass balance equations. 

The resistivity was determined &om resistance measurements taken from a I-V test station at low and high 
voltages. Once the wafers were polished, they were subsequently diced into 4mm by 4mm squares with a nominal 
thickness of 3mm. A simplified passivation technique was carried out using hydrogen peroxide solution at room 
temperature. No guard rings were applied to these devices. Once the fabrication was completed, radiation spectra 
were obtained using nCo sources at room temperature. The spectrum was obtained on a DSA-lOOO DSP using 
Genie 2000 software system &om Canberra Industries, along with corresponding pre-amplifier. 

3. RESULTS AND DISCUSSIONS 

Zinc Distribution 

The nlR curves are shown in Figure I for different slices along a CdZnTe boule, as well as a FTIR curve 
of a CdTe wafer. The energy gap was extracted &om the cut-on wavelength colTCsponding to the SOOA, transmission. 
This method provided the most accurate results as it gave the best fit when a reference CdTe wafer was used which 
has a known band gap of 1.446 eV. Table I lists the zinc concentration calculated from the equation above. It can be 
seen that the bottom region, which is first to solidify, has a higher concentration than that of the top final region that 
solidifies. This is because, since the segregation coefficient for zinc is positivc. there will be a tendency for the 
newly solidified portion to be higher in zinc concentration than the final solidified region. 

The segregation coefficient can be extracted from the following equation, which assumes complete mixing; 

(' ).-1 C.(x)= kCo ~x (2) 

Where, C ..(x) is the concentration in the solid and Co is the initial Zn concentration in the melt, I is the length of the 
crystal, x is the fraction solidified, and k is the segregation coefficient Entering the data from Table 1 into the 
equation above gives a range in segregation coefficient between K" 1.25-1.42. This range in value is very close tbat 
reported earlier by Fougeres2

• which bad obtained a segregation coefficient of k-1.30 for best fit. It is also in the 
range of 1.05- 1.60 cited by R.adbakrishnanl

• Table 2 lists the zinc sesrcgation coefficient ftom various sources. 
Figure 2 shows a plot of Equation 2 for the different k values that were obtained in this experiment. The dashed line 
corresponds to a segregation coefficient of 1.34, which fits the data somewhat better as it is near the middle of the 
calculated coefficient range. Since zinc has a greater tendency to go into the solid phase than cadmium, the initial 
ratio in the solid is higher than that in the initial solution. The concentration" then tends to decrease as the fraction 
solidified increases. It can be seen that the concentration rolls off to nearly 4% at the end of the growth. When an 
initial concentration, Co. of9.S% is used, the fit is much better, as can be seen in Figure 3. This could be due to the 
post growth solid-state diffusion that takes place at the relatively high temperatures after the growth. 

In an earlier paper4
, the concentration of indium in Cd7..nTe was shown to increase as the srowth 

progressed due to a segregation coefficient that is less than one in this material. The role of indium is essentially to 
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compensate for the net cadmium vacancies and tellurium anti--sites. As a result, by changing thc starting indium 
concentration, the location of the high resistivity region within the CdZnTc boule can be changed. In the case of 
these crystals, the indium concentration was varied from IxlO's - 5xlO's cm..) to change location of the high 
resistivity region from the lower end all the way to the top of the crystal. For these crystals, the high resistivity 
regions were on the order of5xlO' Q-an - 2xlOIo Q-an. 

For the PlllpOSe of clarity, we have divided the crystal boule into three scmi-distinct regions as shown in Figure 
4. A typical "Co spectnun obtained from the lower section of crystal that was optimized is shown in Figure 5. 
While figure 6 shows the spectnun of the middle part of another crystal that was optimized for high resistivity. 
Finally, the spectnun obtained from the top region of a crystal optimized for resistivity is shown in Figure 7. The 
detectors produced from the crystal with the lower end optimized for high resistivity shows a very poor I22KeV 
peak which is barely noticeable. From the above experiments for the zine distribution. we know that there is a high 
concentration at the lower end of the crystal. We have also shown in an earlier paper •. that a high concentration of 
zinc tends to produec poorer detector performance. This is belieVed to be the result of too few tellurium anti-sites in 
the region brought on by the reduction of the lattice eonstant and the subsequent increase in the fonnation energy of 
the Te-anti-site. As a result. there exists a greater number of cadmium vacancies which act as effective trap centers. 
and ultimately yield poor detector perfonnance, especially with that of higher energy radiation. 

For detector perfonnance in the crystals with the top region optimized for high resistivity, it can be seen 
that in Figure 7 hardly any peale exists for the 122 KeV energy of S7CO source. Although. the zinc content is a few 
percent lower than the staning concentration, it may have a smaller effect on detector performance when other bulk 
propenies are carefully considered. Table 3 shows data ftom an earlier paper' which dcscn"bes the results of adding 
increasing amounts of excess Te in the crystal, where it can be seen that a greater amount of excess Te results in 
poor resolution of small secondary peaks as well as high energy peaks. Too much excess Te will also result in large 
tellurium precipitates as well as inclusions, which also act as very effective trap centers for electrons and holes 
within the crystal, and result in poor signal collection for the device. CdZnTc wafer slices taken from this top region 
will tend to have lower IR transmission due to these tellurium precipitates, whieh absorb energics in the far infrared. 
This lower transmission is obvious in Figure 1 for the top region. 

111 the case of the crystals with the middle region being optimized for high resistivity, we can see that the 
S7eo spectrum is quite good as shown in Figure S, where the 122KeV peak shows a resolution of about 5% at room 
temperature. The zinc concentration in this middle pan of the crystal boule is in the range between 8.5% to lIS%, 
with the center being very close to the starting concentration of 10%. The lower part of the middle region seems to 
be the optimum, with a zine concentration of about 11 %. 

4. SUMMARY 

The variation of the zinc concentration within the CdZnTc crystal boules was compared with the location 
of the high resistivity region along the length of the crystals with a starting zinc concentration of 100"" and 1.5% 
ex.ecss Te. By varying the indium doping concentration in several CdZnTe boules. the region of high resistivity is 
seen to move along the vcnicaJ length of the crystal. The effect of the location of the high resistivity region within 
the crystal boule was investigated. The concentration of zinc was extracted ftom FTIR measurements. and the 
segregatiOll coefficient calculated usi11l data obtained ftom the CdZnTe crystals. The zine distribution was then 
plotted in terms of the location along the crystal I~ in order to correlate the concentration with detector 
perfonnancc. 

Results sussest that there arc three semi-distinct regions along the length of the boule that give very 
different characteristics, wlicrc it can be said that the best detector perfonnance is in the middle region. especially at 
the lower part of the middle region with a 6% resolution. It is determined that this middle region has a zinc 
concentration of --9-11 %. which varies slightly from the original concentration of 10%. Although. the resistivity was 
optimized in the other regions to obtain high breakdown voltage for speetnun analysis aJl(l proper detector 
performance, the inherent crystal quality was unchanged. From the results, it is very likely that crystalline defects 
and inclusions playa greater role in detennining the performance characteristics of Cd7..nTe radiation detectors, 
perhaps more so than the amount of zinc. Because the amount of indium used to dope the material and obtain high 
resistivity crystals is very low (mid IOU ). it is unlikely that impurities have played a large role in the performance 
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of these gamma-ray detectors. However, more tests should be carried out to verifY this assertion. Nevertheless, 
additional work is necessary to adjust the zinc concentration so that the middle part of the crystal, where it is 
believed that crystalline imperfcctions are minimal, has differing amounts of zinc for different boules, in order to 
determine whether an ideal concentration exists. 
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Table I: Zinc composition extracted from rnR measurements 

Wavelength (nm) Zn Concentration Fraction solidified 
817.9 12.9% 0.08 
822.3 11.3% 0.29 
827.2 9.7% 0.49 
830.5 8.6% '0.68 

Table 2: Zinc segregation coefficient from literature. 

source It 

Fougeras 1.30 

Radhakrishnan 1.17 

Weigel 1.45 

Capper 1.05-1.60 
(cited in Radhakrishnan) 

Table 3: Effect of increasing excess Tc in the crystal 

Stoichiometry 1.000 1.010 1.015 1.020 1.030 
(Te/(Cd+Zn» 

I 
Crystal Log # 9294 9489 9872 9618 9238 

I ResIstivity (D·em) 1011 10B ~109 ~109 ~109 • I 

l FWHM of 24'Am Not Resolved 3.6keV 6.5keV 6.6keV 
@59.5keV Resolved 
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ROLE OF ZINC IN CdZnTe RADIATION DETECTORS: 
WHY ZINC? HOW MUCH? 

Muren Chu, Scvag Tertcrian, and David Ting 

Abstnu:t-Czr crystals with Zn eenCellts of 0%, 10%, 15%, and 20% have heen grGWII and detectors 
have been produced. Inhred cransmission measured on the walen dieed from these crystals shows that as 
the Zn content Increases, there Is a redueden In the transmlsslon toward longer wavelengths, indicadng the 
esiRence of an increasing'amonnt of Jailer Te-preclpitates. For prodnelng hlgb resistivity materials, a higher 
concentration of indium Is also required for CZT with higher Zn conCellt. The best detectors were produced 
In czr with 10% Zn, while CdTe detecton are unable to resolve the 57CO Jl2keV peak and czr detectors 
with 15% and 20% Zn display high noise levels at energla below this peak. 

The above results are explained by a model that the role of Zn in CZT Is to reduce the density of 
Tee. to Increase the density of VCdJ and to enhance the difflllion rate of Voi The higher amonnt of Te­
precipitates In czr with more Zn Is caused by the rapid Dleqe of V OJ through fast diffIIsion of V OJ- Because 
of the trapping by the Te-preclpltates, detectors fabricated on czr with 10% and 20% Zn are Inferior to the 
10·AaZn czr detectors. On the other hand, CdTe and czr with Zn content less than 7% 7 ..... have a high 
concentration of Tee. VOlt and eeDJpJeus lDeh 81 TeorVOJ and Teor(VQJ), which are allO trapping centers. 
As a result, the detedors fabricated on these crystals are also inferior to the 10% ZD detectors. The opdmal 
1..n content for czr grGWllusing our technique is therefore near 10%. 

Key Words: CdZnTe, czr, Radiation Detector, Defect, Cd Vacancy, Te Antislte, Te Precipitate 

1.0 INTRODUCTION 

CdZnTe (CZT) detectors have been used for many applications in recent years' and tremcndou.'i efforts 
have been directed to improvina and to understanding czr materials.2-7 Two interesting questions arise regarding 
using CZT instead of CdTe for prodUCing room temperature detectors: (i) how does Zn improve the detector 
performance. and (ii) what is the optimal .1..0 content for producing the best detectors? This paper attempts to ansWCf 
these two questions using a model involving native defects of Cd vacancies (Vcu and Te antisites (Tee ... Te at Cd 
sites). In Section 2, the basic theory of evolvement of VOl. and TCcd in CZT is presented. Section 3 describes 
experimentally and theoretically how the evolved defects affect the properties of CZT materials and detectors. 
Based on the above results and discussion, a model is proposed in Section 4 to answer the above two questions. 
Finally, the findings of this paper are summarized in Section S. 

2.0 THEORY ON DEnCfS 

In References 2 and 6, it was shown that CdTe and CZT grown with 1% or less excess Te usiOS the 
Bridgman technique have residual Cd left in the growth quartz crucible while the crystals grown with 1.1 % or more 
Te excess have residual Te left. This phenomenon indicates that CdTeJCZT can accommodate 1% or more excess ' 
Te at growth temperature. In Reference 2, it was also demonstrated that with 1.1% or more excess Te, the as-grown 
czr with a Zn contents less than ?GAl are p-type. This indicates the erystals have more TOccI than Vf;4 at I'OODl 

temperature. But under the identical growth conditions, czr with Zn contents over 7% arc ~ because of more 
Vf;4 than Teed. At room temperature, the concentration ofTCcd and Vf;4arc on the order of 10 s to 1017 cm-3. 

Based on thermodynamics, under equilibrium conditions, the concentration of any point defect at any 
specific temperature can be written as 

q = c. . exp(- ElleT) (1) 

Where Co is partia1 pressure dependent but temperature independent constant, ~ is also a partial pressure 
dependent defect formation eneraY. Using this equation, the dynamics between the defect species and densities at 
growth temperature and those at I'OODl temperature can be described by the following simple model based on 
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Cdll.9Zncl.1Te grown with more than 1.1% excess Te.2 As shown in Figure I(a), VOd and Teed arc the dominant 
defects at CZT growth temperature. Each VOd is counted as one excess Te atom and T~ is counted as two excess 
Te atoms. The densities ofthesc defects are on the order of Ixl020 em-', According to Sq. (1), the den.'iities of these 
defects will be reduced during the post-growth cooling period from growth temperature to room temperature. Since 
T~ is not a mobile species, it is reasonable to assume that the diffusion of VCdo especially through Zn sites, 
dominates the process of reducing the densitics of both T~ and VOd. 

If during the cooling period, the equilibrium condition is not maintained and V Od is not allowed to diffuse 
out of the czr crystals, the resultant defect species will be similar to those shown in Figure J(b). Some of the VOd 
will fonn defect complexes with TeOd to form defect complexes such as TecI.V0il2 and TedVOil.' The other VOd 
will merge together to fonn voids with Te precipitates inside. The size of the Te precipitates can vary fiom sub­
microns to tens of microns. 

In principle, if the post-growth cooling is kept in equilibrium with the overpressure,' The defects can 
diffuse out of the crystal and their densities will be reduced fiom Figure I(a) to Figure l(c) during the cooling 
process. However, this process may not be practical, especially at lower temperature because it takes a lengthy 
duration for the equilibrium to be maintained. The most probable result is shown in Figure I(d). The densities of 
point defects are similar to those in Figure I (b). but the densities of other defects are much less. 

lnfiared transmission measurement is a powerful tool used to estimate the size and the relative amount of 
the Te precipitates. Based on basic wave theory, a phOton with its wavelength comparable to or smaller than the 
particle will be scattered. Therefore, from the reduction of infrared transmission, the size and quantity information of 
the Te precipitates in CZT can be obtained. For this paper, the transmission curves have been measured on 2.Smm 
thick CZf/CdTe wafers for analysis. 

3.0 EXPERIMENTAL RESULTS AND DISCUSSION 

CZT Crysllli Grmvth lI11d Dqk, Prgcmill, 

The I S' to 2.2" diameter CZT crystals have been grown by the vertical Bridplan technique. For 
consistency, all crystals to be discussed in this paper have a diameter of 1.5" and a boule lensth of 6". For better 
detector property, 1.5% excess Te have been introduced into the growth melt for defect control.' Raw Cd, Te, and 
Zn in 7N impurity grade arc the standard starting material. Occasionally 6N grade materials are used for impurity 
investigation purpose. But no sipificant effect has been observed between the 6N and 7N raw materials. 

In Reference 9, we reported that the best section of each crystal for producing detectors is the region 300Al -
50% from the lower end of each boule. Therefore, all of the detectors produced for this paper are fabricated fiom 
this particular section of each crystal. 

The CZT detectors with a 4mmx4mmx3mm size have a simple planar structure. Au contacts were 
deposited onto the opposite sides of the 3mm dimension and oxide was applied for surface passivation. No guard 
ring was employed. 

CdT' Mtllfdtll ad DdflCtor 

The infiared transmissions at various sections of undoped CdTe grown with 1.S% excss Te have been 
measured and arc shown in Figure 2. The hoNontai axis is the wave number, which is equivalent to a wavelength 
range from 2.2 - 22.0J,un. Due to reflection loss, the maximum theoretical transmission is 67%. Curve 1 represents 
the transmission of CdTe near the bottom of the boule. The fBll off in the fiu' infiared region is due to free elcetron 
absorption, which indicates the n-typc conduction of the as-grown, undoped CdTe. In the 2.2 - S.Opm region, the 
transmission is 64%, demonstrating a low density of Tc-precipitates in dimensions equivalent to these wavelengths. 
Curve 2 represents the transmission measured in the CdT e section 200;1, - 60% from the bottom of the crystal The 
smaller fall off in far infrared than that shown in Curve J suggests that the elcctron density in this section of CdTe is 
less than that in the bottom region. The existence of small Te-precipitates can be visualized fiom the reduced 
transmission in the 2.2 - 3.0pm wavelength. 
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('''urve 3 represents the transmission measured in the CdTe section 6()0,4 - 8S% ftom the bottom of the 
crystal. This curve is similar to the one in Curve 2 except that there is no far infrared fall oft'. However. Han 
measurement shows that the material remains n-type. Curve 4 is the transmission measured on wafers sliced ftom 
the top IS% of the CdTe crystal. The nHluced transmission indicates the existence of Te-prccipitatcs with sizes up 
to 10pm and beyond. Hall measurement shows that the material in this region has a high resistivity. 

The above results show that as the CdT e growth continues. the amount of excess Te in the melt increases 
due to the segregation of Cd; and more Te is incorporated into the crystal in the fonn ofVCoI- As a result, during the 
post-growth cooling period, more complexes and Te precipitates are fanned toward the top of the crystal to 
compensate for the T~ and to reduce the inftared transmission. 

Since the undoped CdTe are n-type,2 arsenic, which are acceptors in CdTe. were introduced into the growth 
melt for producing high resistivity crystals. With an arsenic dose of2xl017 em-3• CdTe with a resistivity of I.Sxl01o 

.a·em were produced. The transmission curves measured on the high resitivity material do not exhibit the fall oft' 
found in Curves J and 2 in Figure 2. The 24\ Am and S7 Co spectra measured by detectors fabricated on the high 
resistivity CdTe are shown in Figure 3(a) and 3(b), respectively. The radiation peaks in 241Am can be observed, but 
the resolution is low. On the other hand. the S7Co peaks are not present. It is evident that the hole and/or electron 
trapp~s is rather severe in the CdTe crystal. 

The inftared transmission curves measured on Cdo.,zoo.lTe are shown in Figure 4. Sim:e the undoped 
Cdo.tZno.ITe crystals are p-type. the free electron absorption shown in Curves 1 and 2 in Figure 2 are not 'found in 
the 10% Zn CZT. In mality, both undoped and indiunJ..doped have similar transmission curves. Curve I in Figure 4 
represents the transmission measured from a Cdo.tZno.1Te scc::tion 0% to SOOIO from the bottom of the boule. The 
high transmission ftom 2.2 - 22.0pm indicates few Te precipitates in this wavelength range. Curve 2 in Figure 4 is 
the typical transmission curve measured from a section SOOIO to 85% from the bottom of the crystal. Slight 
transmission reduction is observed below 3.3pm. indicating the existence ofTe precipitates with sizes smaller than 
the magnitude of this wavelength. The transmission measured from the top 15% of the Cdo.9Zn~I.ITe crystal is shown 
in Figure 4(8). The reduction in the transmission up to 20.Opm indicates the existence ofTe precipitates with all 
sizes up to this dimension. . 

The near transmission curves measured on wafers sliced from various sections of the Cdo.tlno.l Te are 
shown in Figure 5. From the bottom to the top of the crystal, the transmission decreases monotonically, 
demonstrating the increasing amount of the density of small Te-precipitates. 

A low indium doping of 2.SxIOIS em" is sufficient to compensate for the residual Va. over TCcct in 
Cdo.tZno.tTe for the crystal to reach a high resisvity of2xlOIo .a·em. The 24IAm and S7CO spectra measured by 
detectors fabricated on the high resistivity Cdo.,lno"Te are shown in Figure 6(8) and 6(b), respeetively. Both exhibit 
excellent resolutions of the radiation peab. The FWHM of the S7Co 122keV peale is S.3%. 

C4.«sZ!. ,ile MtllNitIl ruulDetectpr 

Figure 7 shows the transmission curve measured on a section, 20% to SO% ftom the bottom of a typical 
high resitivity, indiwn-doped Cdo.asZno.lsTe crystal. Comparing this curve to those measured on CdTe and 
Cdo.A,Te in similar boule sections. the infrared transmission of Cdo .• sZno,I5Te in the 2.2-13(.1m range is clearly 
lower. This result leads to the conclusion that under identical growth conditions. more Te precipitates exists in 
Cdo.asZno.lsTe than CdTe and Cdo.,7..no.,Te. 

An indium doping of 3.OxI0" em') was introduced to compensate for the residual Va over TCcd in 
Cdo . .,lno,tTe for the crystal to reach a high resisvity of 1.2x1010 .a-cm. The 241Am and S7CO spectra measured by 
detectors fabricated on the high resistivity Cdo.uZno."Te are shown in Figure 8(a) and 8(b). respectively. Compared 
to the spectra in Fiaure 6 for Cdo.tZno.ITe, the 24IAm spectnml of Cduslno.l,Te is very similar. Furthermore. the 
FWHM of nCo 122 keY has a slightly higher value of S.9%. The major difFerence is that the Cdo.ssZno.l,Tc S7Co 
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has a higher noise between the l4keV and the I 22kcV peaks dae to the trapping. clearly related to the higher density 
of Te-precipitates. 

!llAtZ!JA,TIft Mtllerill' tUUI D««Ior 

The transmission curve in Figure 9 was measured on a section 20% to SO% fiom the bottom of a typical 
high resitivity, indium-doped Cdo.aZnuTe crystal. The infim:ed transmission is substantially lower than those 
measured on the three crystals discussed early. This result clearly demonstrates that Cdo..Zocl.2Te has a much higher 
den .. ~ity of Te-precipitates than CdTe. Cdo.A1Te, and Cdo.asZno."Te. For achieving high resistivity, an indium 
doping level of J.3xl016 cm.] is required. The CduZno.2Te detector's 14IAm and '7CO spectra shown in Figure 10 
arc also inferior to those measured by the other three ctyStals. 

4.0 DEnCf MODEL AND DISCUSSIONS 

The above results are summarized in Table I for analysis. From these data, the following phenomena arc 
observed: 

i) A5 Zn content increases, the infrared transmission measured on the CZT wafers at a given wavelength decrease 
accordingly, indicating a higher density ofTe-precipitates. 

ii) As Zn content increases, the infim:ed transmission measured on the CZT wafers have lower tnmsmissions at 
longer wavelengths, suggesting the existence oflarser Te-precipitates. 

iii) A5 Zn content increases, a higher donor impurity is required for achieving high resistivity, demonstrating 
increasing amount of uncompensated acceptors. 

iv) Among the grown crystal, the best detectors are prodaced in CZT with 10% Zn. Inferior detectors are produced 
in CdT e and CZT with a Zn composition equal to or higher than IS%. 

v) High SlCO noises are observed on CdTe, Cdo..,ZocmTe, and Cdo.aZncl.2Te detectors at energies below 122kcV 
c:ompared to Cdo.,1..J1o..ITe detectors. As Zn content increases nom 15% to 20%, this phenomenon is even more 
pronounced. A hump is actually found in the Cdo.s7.nIl.2Te '7eo spectrum. 

A scmi-quantitative model depicted in Figure II was developed to explain the above observations. The 
vertical axis is the density of defects and the x-axis is the Zn content in the CZT crystals. As shown, the densities. of 
VCd and Teed in CdTe is on the order of lxlO» em-3, at the growth temperature as described in Section 2. As 
increasing amount ofZn is introduced into CdTe, the densityofVCd increases and that ofTCcd decreases because of 
the redaction in the lattice parameter. This proposition is consistent with the fact that undoped CZT is n-type 
without Zn and is p-type with lOOA. 7.11. This is also in agreement with the fact that the undoped ZnTc is always p­
type. This proposition is also con finned by a recent paper,' Therefore, the scmi-quantitative densities of V Cd and 
Teed are plotted in Figure II with VCd and TCICd increases and decreases, respectively, with the Zn content 

The difference of the densities of V Cd and T Col (V cd-Teo.) at room temperature is equivalent to the electron 
density or the hole density of the undoped CZT crystal and is plotted at the lower portion of Figure II. Another 
critical curve is that of the density of the Te-precipitates. Theoretically, Zn atom moves faster than Cd because of 
their size. Since the diffusion rate of V Cd is proportional to the diffusion rate of Zn and Cd, it can be concluded that 
V Cd is much more mobile in eXT with a higher Zn content. It is the fast V 0. diffusion rate in high Zn content CZT 
propels the mcrgeing ofVCd' This creates a higher density ofTe precipitate, which results in a lower transmission in 
cn as Zn content increases. Therefore, the curve of Te-precipitates is monotonically increasing with the Zn 
content in the CZT crystals. 

SiDlCe in CdTe and CZT with smaller amount of Zn, only small amount of Te-precipitates are formed 
during the post-growth cooling period by the merges ofVcm most of the defects generated at the growth temperature 
will remain either as point defects or form defect complexes such as Tecd'VCd and Tecd'(Voi)l. Therefore, we can 
expect that the densities ofTCed. V Cd, and defect complexes all decrease monotonically as CXT Zn content increases. 

To constnICt the curve ofTec.t density, we can assign a density of Ixl016 em.] to Teo. in CZT with 10% Zn 
as discussed in References 6 and 10. Then, the densities of Teo. in other crystals can be approximated by the 
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conclusion of the above discussion. Another fi1ctor to support this concept is the Tee.. density at arowth temperature 
in Figure II, showing a monotonically decreasing Tea density as Zn content increases. Hence, we can expect the 
same trend for the room temperature Tee.. density. The density of VOl in CZT is simply the sum of the densities of 
TOOl and the measured room temperature hole/electron concentration. 

WMZ"uu:7 . 

With the above discussion, the two questions raised in Section 1.0 can be successfully explained. First of 
all. CdTe and CZT with lower amount of Zn contents have higher density of Tee.. during the growth than CZTs with 
more Zn content. Although additional VOl are introduced as the Zn content increases, the density of VOl can be 
reduced during the post-growth cooling process because of its fast diffusion rate. As a result, at room temperature, 
CdTe and low Zn content CZT have many more point defects and defect complexes to trap both electrons and holes. 
Consequently, the s'eo 122keV peak cannot even be observed in Figure 3. Therefore, the role ofZn is to reduce tho 
densities of these carrier traps. 

HowM"dl7 

I However, as the Zn content increases to a certain level. the density of VOl will reach a high level to the 
degree that during the post-arowth cooling. VCd merge together to form To-precipitates form before they can diflUse 
out of tho crystals. As a result, the Tc-pn:dpitates trap the caniers and degrade the detector resolution. The 60keV 
hump in Figure 100b) can be assigned to this effect. 

Based on our results, the CdTe and Cdo.A.1Te have poor detector resolution because of the trapping of 
charge carrier by TCOI. VOlt and complexes such as Tee..·VOI and Tecd·(VOil. Cdo.sZncuTe has a serious trapping of 
charge carriers by Tc-precipitates. The high noise ofCdo.asZno.15Te below l22keV in Figure 8(b) even shows some 
Te-precipitates trapping effects. Therefore, CZT with content near looA. offers the best detectors. 

It should be noted though that the above discussion is limited to ctyStals grown under our specific 
conditions. Crystals grown differently may draw slightly different conclusions as to the optimal Zn content for 
producing the best detectors. The purpose of this paper is to present the mechanism of how defect evolvement 
affects the crystal material and detector and new growth approaches can be developed to optimize the CZT detector 
performance. 

5.0 SUMMARY 

CZT. crystals with Zn contents of 0%, looA.,lS%, and 20% have been grown and detectors have been 
produced. Infrared transmission measured on the wafers s1iecd fiom these ctyStals shows that as the Zn content 
increases, there is a reduction in the transmission toward longer wavelength, indicating the existence of an 
increasing amount of larser Tc-precipitate. For producing high resistivity materials, a higher concentration of 
indium is also required for CZT with higher Zn content The best detectors were produced in CZT with 10% Zo, 
while CdTc detectors was not able to resolve the 57CO 122kcV peak. In addition, eXT deteetors with 15% and 20% 
Zn display high noise level at energies below this peak. 

These results are explained by a model that the role of Zn in CZT is to reduce the density of TCos, to 
increase the density OfVCdo and to enhance the diffusion rate of VOl' The higher amounts of To-precipitates in CZT 
with more Zn is caused by the rapid mcrae of VOl thtough fast diffusion of V Cd- Because of the trapping by To­
precipitates, detectors fabricated on CZT with J 0% and 20% Zn are inferior to the ] 0% Zn CZT detectors. On tho 
other hand, CdTe and CZT with Zn content less than 7% Zn have a high concentration of Tea, VCd. and complexes 
such as Tec.rVCd and Tecd'(VOIl, which arc also trapping centers. As a result, the detectors fabricated on these 
crystals are also inferior to the lO% Zn detectors. The optimal Zn content for CZT grown using our technique is 
therefore near I CWo.. 
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Fig. 10 Fig.8 (a) 14IAm and (b) S7Co spectra measured by Cdo.aZllo.1Te detector. 
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Table 1 SUDJID8IY of material and detector characteristics ofCZf with different amount of Zn. 

Zn content ~==.:.::;:=:..:...sL.l Dopant 

0% Arsenic 
10% Indium 
15% Indium 
20% Indium 

Oose 
(cm-; 
2x10 

2.5x10 
3.Ox10 
1.3x10 

S8 

Resistivity 
CO·em 

1.5x10 
2.Ox10 
1.2x10 
1.1x10 

Noise Below 
57eo 122keV 

h 
Low 

Medium 
Hum 
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